Abstract. The nature of forest structure plays an important role in the study of foraging behaviors of bats. In this study, we demonstrate a new combined methodology that uses both thermal imaging technology and a ground-based LiDAR system to record and reconstruct Eptesicus fuscus (big brown bats) flight trajectories in three-dimensional (3-D) space. The combination of the two 3-D datasets provided a fine-scale reconstruction of the flight characteristics adjacent to and within the forests. A 3-D forest reconstruction, assembled from nine Echidna Validation Instrument LiDAR scans over the 1 ha site area, provided the essential environmental variables for the study of bat foraging behaviors, such as the canopy height, terrain, location of the obstacles, and canopy openness at a bat roosting and maternity site in Petersham, Massachusetts. Flight trajectories of 24 bats were recorded over the 25 m ) 37.5 m region within the LiDAR forest reconstruction area. The trajectories were reconstructed using imaging data from multiple FLIR ThermoVision SC8000 cameras and were co-registered to the 3-D forest reconstruction. Twenty-four of these flight trajectories were categorized into four different behavior groups according to velocity and altitude analysis of the flight trajectories. Initial results showed that although all bats were guided by echolocation and avoided hitting a tree that was in all of their flight paths, different bats chose different flight routes. This study is an initial demonstration of the power of coupling thermal image analysis and LiDAR forest reconstructions. Our goal was to break ground for future ecological studies, where more extensive flight trajectories of bats can be coupled with the canopy reconstructions to better establish responses of bats to different habitat characteristics and clutter, which includes both static (trees) and dynamic (other bats) obstacles.
Introduction
The nature of forest structure (e.g., canopy cover, distribution of overstory and understory, foliage density, forest gaps, stand-scale variability, forest fragmentation, availability of standing deadwood, and forestry practices) are all important contributors to the maintenance of successful bat populations (Lacki et al., 2007; Kunz et al., 2008) . Bat species have different foraging strategies: some capture insects on the wing (aerial), whereas others collect prey from surfaces (gleaning) (Fenton, 1990; Schnitzler and Kalko, 1998) . Previous research suggests that the vertical stratification of a forest may also play an important role in the foraging behavior of bats (Bonaccorso, 1979; Bernard, 2001; Kalko and Handley, 2001; Weinbeer and Kalko, 2004) . Forest attributes such as clumped leaf area with stand height and patterns of disturbance and gap formation have been shown to play an important role in determining optimum bat habitat use (Parker and Brown, 2000) . Jung et al. (2012) found a positive association between European bat activities and forest structure parameters, as well as associations between similar adaptations in wing morphology and foraging strategy with similar forest structural parameters. Studies by Krusic et al. (1996) and Zimmerman and Glanz (2000) showed that a mix of forest types, including clear-cuts and regenerated areas and over-mature hardwoods, in combination with water and trails, provide the optimum summer habitat for the bat species of New England. For big brown bats (Eptesicus fuscus) in New England, which were targeted specifically in this study, the most common roosting places are in hollow trees, beneath loose tree bark, in the crevices of rocks, or in man-made structures such as attics, barns, old buildings, eaves, and window shutters. These roosting places vary from obstacle-rich space in a forest interior to the less cluttered space near forest edges and in forest gaps (Kurta and Baker, 1990) . It remains unclear, however, to what extent that this species uses open spaces away from clutter, such as the space above the canopy and the gaps within a canopy.
To detect, quantify, and understand bat activities inside a forest is a challenging task. It requires appropriate integration of diverse tools, technologies, and multiple databases . Scientists have been exploring the way bats fly at the edge of forests or above forest canopies using radar (Kunz, 2004; Cleveland et al., 2006; Cryan et al., 2008) , radio-telemetry technologies (Hodgkison et al., 2003; Thies and Kalko, 2004; Thies et al., 2006) , ultrasonic sensors (Holderied et al., 2005; Gillam et al., 2009; Holderied and Jones, 2009; Parsons and Szewczak, 2009) , and highresolution infrared cameras (Simmons, 2005; Betke et al., 2007; Fleck et al., 2007; Betke et al., 2008; Hristov et al., 2008; Wu et al., 2009a; Hristov et al., 2010; Theriault et al., 2010) . Without a way to describe the structure of the forest quantitatively, using these methodologies alone can only provide a limited assessment of foraging behavior.
Recent advances in remote sensing of the threedimensional (3-D) structure of forests have been made with under-canopy Light Detection and Ranging (LiDAR) systems (Strahler et al., 2008; Jupp et al., 2009b; Yang et al., 2013) , airborne sensors (Blair et al., 1999; Anderson et al., 2006; , and multi-angular passive data (Kimes et al., 2006; Schull et al., 2007) . The under-canopy LiDAR, the Echidna Validation Instrument (EVI), is a near-infrared, pulsed-laser, mirror scanning LiDAR with full-waveform digitizing. The full-waveform recording enables characterization of the canopy structure of fully forested regions and captures details about partially obscured objects that are not possible with discrete return systems. Culvenor et al. (2005) and Jupp et al. (2009b) described the theory and mechanical details for the retrieval of Leaf Area Index (LAI) and the foliage profile from EVI and demonstrated its application. Strahler et al. (2007; further validated retrieval of EVI-derived forest structural parameter. Assembled from multiple EVI scans, digital reconstructions can be built in 3-D space for forests with varying density and species composition (Yang et al., 2013) . Three-dimensional forest reconstruction permits direct characterization of the forest structure that provided essential environmental variables for the detection and analysis of bat foraging behaviors. The integration of ground-based LiDAR data and high-resolution thermal infrared cameras provided the opportunity to explore and characterize the responses of bats to forest structure. This integration may eventually help describe ecosystems on a coarser scale and establish optimum landscape models for bat assemblages in both temperate and tropical ecosystems (Meyer et al., 2009; Bass et al., 2010) .
In this study, the emergence patterns of a small colony of big brown bats roosting in a barn located adjacent to the edge of a deciduous forest (a 25 m ) 37.5 m region of interest) in Petersham, Mass., was investigated using coupled thermal infrared imaging technology and forest reconstruction using LiDAR. Our study focused on the big brown bats, but similar studies may be very illuminating, for example in tropical forests where different bat species use different parts of a forest (Heithaus et al., 1975; Bonaccorso, 1979; Bernard, 2001; Kalko and Handley, 2001 ).
Methods

FLIR ThermalVision SC8000
Thermal infrared cameras detect the characteristic infrared radiation (IR) of objects in the form of photons. The higher the temperature of an object of interest, the greater the intensity of emitted radiation, and thus the brighter the resulting thermal image (Kastberger and Stachl, 2003) . Therefore, thermal infrared imaging has the ability to record the behavior of free-ranging organisms in the dark and has been proven to be a valuable paradigm for investigating bat flight behavior (Betke et al., 2007; Hristov et al., 2008; Wu et al., 2009a; Hristov et al., 2010) . In this study, two FLIR ThermoVision SC8000 cameras were deployed and positioned to reconstruct 3-D images of foraging bats as they emerged from their daytime roost. The SC8000 camera is a high-resolution and high-speed thermal imaging instrument. It has a spatial resolution of 1024 ) 1024 pixels and a frame rate of R f 0 131.5 frames per second. For a given viewing distance, the field of view (FOV) of the camera determines the dimensions of the total surface area detected by the instrument, which depends on the camera lens and focal plane dimensions and is expressed in two angles (FLIR, 2005) . In our experiments, we used a 25 mm lens with each camera, which produced an approximate 408 ) 408 FOV. The camera relies on a sealed cryogenic chamber that lowers the operating temperature of the detector array to a temperature that is much lower than ambient (typically 70Á80 K). Because most objects of interest are at higher temperature, such cooled imaging devices have high thermal sensitivity. Thermal images of objects from the FLIR ThermoVision SC8000 result in a stereotypical intensity pattern that is generally highest in the centre of mass of the body and cooler at the periphery (Figure 1 ). This usually results in a distinct intensity pattern that is ideally suited for analysis by computer vision algorithms that rely on standardized regions of an image for detection and recognition (Betke et al., 2007) .
Echidna Validation Instrument
The EVI is a ground-based, full-waveform digitizing, scanning LiDAR. The EVI is equipped with a diodepumped solid-state 1064 nm Nd:YAG laser that emits a beam of 14.9 ns pulses at a frequency of 2 kHz. The beam diameter of EVI is 29 mm with a manually adjustable divergence of 2Á15 mrad. In this application, all the EVI scans were collected at 5 mrad beam divergence. A rotating 458 angled mirror directs the laser beam of EVI to cover zenith angles of 91308 in the vertical plane while the instrument base rotates 1808 in the horizontal plane simultaneously ( Figure 2 ). Unlike most of the terrestrial LiDAR systems that record a single range for each laser shot, the return sensor system digitizes and records the intensity of the pulse reflected from targets along the entire transmission path continually throughout a scan. The waveform is recorded using a sampling rate of 2 GHz, which equates to one sample every 7.5 cm of range from the instrument. A complete EVI scan takes about 20 minutes. The EVI data is recorded at 4 mrad angular resolution and then resampled to 5 mrad resolution. The construction theories and mechanical details of EVI are summarized in Culvenor et al. (2005) . The EVI can record full-waveform signals from the entire field of view in the entire upper hemisphere, as well as part of the lower hemisphere, from a distance of up to 100 m or more in medium density forests. The EVI scan geometry is shown in Figure 2 .
Plot layout
Big brown bats (Eptesicus fuscus), belonging to a roosting colony in Petersham, Mass., were recorded as they emerged from a crevice near the peak of the barn and flew into and above the adjacent forest after dusk on 2 June 2010. We deployed two FLIR ThermoVision SC8000 cameras with a 3 m baseline and pointed them towards the barn with an overlapping FOV to record thermal video of bats as they left the barn and commuted through the forest. Three fixed calibration targets, one with a hot pack and two with cold packs taped to the end of poles, were positioned so that they would appear in the FOV of both cameras (A and B in Figure 3 ). Owing to the temperature difference of the calibration targets with the surrounding environment, the hot target appeared as a patch of bright pixels and the cold targets as dark pixels in the image data collected with the thermal camera.
Nine EVI scans were acquired in a 25 m grid pattern over the forest area near the barn (Figure 3) . The site area consists of a barn on the left, a dense broadleaf forest near the barn, and several adjacent areas of an open field and nearby paths without vegetation. Following the methodology described in Yang et al. (2013) , EVI scans can be combined by adjusting translation and rotation matrices to reconstruct a 100 m ) 100 m 3-D structure of the forest on the site. Because the flight activities of bats captured by thermal cameras were limited to areas close to the barn and did not extend far into the forest, a 25 m ) 37.5 m region of interest (x # [(50, (25] and y # [(12.5, 25] ), was cropped from the original hectare. The center of the barn is located at (( 45, ( 5) over the (x, y) plane.
The locations of the thermal cameras, as well as the locations of thermal calibration targets were surveyed using a Nikon AX-2S instrument and were then co-registered into the 3-D coordinate system of the forest reconstruction.
Reconstruction of bat flight trajectories Calibration of thermal camera
The thermal cameras were calibrated both in space and time to reconstruct the flight trajectories of bats. To synchronize datasets collected by multiple cameras in time, a function generator was connected to the cameras, which triggered them to start at the same time. Spatial calibration was used to acquire the relative orientation between the two cameras. That is, the calibration matrix P registered the image coordinates (u, v) for the two cameras into one (x, y, z) world coordinate system (Figure 4) . In the field, a calibration video was recorded prior to acquiring the actual video emergences of bats. A mobile calibration device was fabricated from PVC and aluminum tubing ( Figure 5A) . A field crew member rotated and waved the calibration device over the area detected by both cameras. N pairs of image coordinates (u, v) of targets and were recorded and extracted from the calibration video ( Figure 5B) . From the N pairs of (u, v), a ''wand-based self-calibration strategy'' (Hartley and Zisserman, 2004) for the spatial calibration of thermal camera was applied. The calibration matrices P A and P B are produced when the standard deviation of the N pairs of estimated distances between calibration targets and , D a , b , normalized by the known length of the wand is below 0.1.
Direct linear transformation (DLT)
EcoTracker software was used to record the bat flight trajectory datasets. By clicking on the position of each bat in the first frame, this software can automatically track and record the frame ID, as well as the image coordinates (u, v) corresponding to the two-dimensional position of the bat. The jth bat flight trajectory F j , which is composed by m pairs of corresponding points that are visible for both cameras, can be described by the following sequence of point pairs: ( 1) where the subscripts A and B are used to denote the information collected by camera A and camera B.
The DLT method (Abdel-Aziz and Karara, 1971) is a traditional reconstruction procedure that has been widely used in biomechanics to obtain 3-D world coordinates from film and video records. Using the calibration matrix P A and P B obtained from the calibration process described previously, assuming the rows of each calibration matrix is denoted as r i ,i 0 1, 2, 3, we can express the transformation of camera coordinates and world coordinates as:
Two cameras will give four linear constraints as follows: Here O is unknown and can be solved based on Equations (4a) to (4d). Therefore, the flight trajectories of bats F j m in Equation (1) can be represented by a 3-D point group after the reconstruction of the 3-D world coordinate system from the two thermal cameras using the DLT method 
The EcoTracker software uses the DLT method to compute the 3-D trajectory in Equation (5) based on the 2-D trajectories as in Equation (1) and the calibration matrices.
Three-dimensional forest reconstruction
In any EVI scan, returned pulses within each laser shot can be located unambiguously in space relative to the instrument by three geometric dimensions: zenith angle (u), azimuth angle (8), and the effective range (r) (Figure 2) . The intensity peaks within each EVI waveform are detected and their intensity a j are directly displayed as 3-D point clouds by converting the original polar coordinates of u, 8, and r to Cartesian coordinates of x, y, and z. The full width at half maximum (FWHM) that describes the pulse shape, the time sequence along the laser shot (1st, 2nd, 3rd, 4th . . .), and the polar coordinates of the peak value are also recorded as auxiliary information. Thus, the 3-D point clouds rearrange the laser signals in a more convenient way for visualization while leaving the original information unchanged. Following the methodology described in Yang et al. (2013) , a 3-D forest reconstruction was built from nine EVI scans utilizing surveyed scan geolocations. Based on the recorded pulse shape information, the merged point cloud of forest reconstruction was further classified into ground, foliage, and trunk. A Digital Elevation Model (DEM) and a Canopy Height Model (CHM) were interpolated and mapped based on these categories of points to characterize the terrain and basic forest structure over the site.
Registration of forest reconstruction and bat flight trajectory
After the 3-D thermal camera system is reconstructed using the DLT method, the coordinates of the thermal calibration targets , , and can be extracted as . Rotation (R?) and the translation matrix (T?) that can transfer the 3-D world coordinate system of the thermal infrared camera into the 3-D forest reconstruction were calculated using the coordinates of the fixed calibration targets. Thus, the flight trajectories of bats, F j m , were registered to the 3-D forest reconstruction coordinate system 
Properties of bat flight
For the jth bat, the magnitude of its instantaneous velocity during flight V j at ith location, can be calculated from the registered 3-D coordinates of its 3-D flight trajectory F j m , the associated frame ID I , and the frame rate R f
where D i(1, i is the distance between the ith location and the (i(1)th location:
The flying altitude H j i can be calculated from the registered 3-D coordinates of bat flight trajectory F j 0 m and the DEM datasets generated from 3-D forest reconstruction
where G i is the ground height at the ith location.
Results
Registration of 3-D flight trajectories of bats and 3-D forest reconstruction
The registration of flight trajectories of bats and the 3-D forest reconstruction provided a fine-scale reconstruction of each flight path within and along the forest edge and canopy. During the 15 minute recording periods, 26 bats (j 0 1 Â26) were recorded and are numbered in the order of appearance. Among the 26 bats, 24 of them emerged from a crevice at the peak of the barn and flew into the forest, whereas bat 1 and bat 13 flew into the FOV of the cameras from behind the cameras. Therefore, bat 1 and bat 13 were not included in the following flight velocity and altitude analysis of the trajectories immediately following emergence.
The 24 flight trajectories of the bats emerging from the crevice at the peak of the barn are shown in Figure 6 , each with a unique color. The barn can be seen on the upper left corner of Figure 6A and front region of Figure 6B . The registration of flight trajectories of the bats and the 3-D forest reconstruction provides a fine-scale reconstruction of each flight path within and along the forest edge and canopy.
used to characterize flight characteristics such as altitude and flight velocity of the emerging bats and their correlation with primary forest structure.
This site is relatively flat over most of the area; however, it contains some obvious terrain variation over our selected region of interest where the bats were observed ( Figure 7A) . Considering the location of the barn, there is a stable downward slope on the ground along the path that bats emerged and flew into the forest. The canopy over the hectare is less than 15 min height and is composed of deciduous trees (from field observations) ( Figure 7B) . The canopy over the selected region of interest where the bat trajectories were detected is comparatively sparser and shorter than the rest of the forested area, with canopy heights of around 5Á8 m.
Flight velocity and altitude
To analyze flight velocity and altitude second by second, we labeled the 5 seconds after emergence as T 1 , T 2 , T 3 , T 4 , and T 5 . Twenty-four bat flight velocity curves, (excluding bat 1 and bat 13 of the total 26 trajectories) were imaged emerging from the crevice at the peak of the barn ( Figure 8A ). After the bats emerged, they accelerated to approximately 6 m/s to 8 m/s within T 1 . They then reduced their velocity for a brief period before entering into a more or less random velocity variation. The maximum velocity recorded was approximately 12 m/s and the minimum velocity was approximately 2.5 m/s, excluding the acceleration period T 1 .
As shown in Figure 8B , bats emerged from the barn, which is about 8 m above ground level (AGL) and descended 1Á2 m during T 1 of the emergence. Then, during T 1 and T 2 , some bats started to climb to 8 m while others continued to descend. The maximum flight altitude of these bats after emergence was also about 8 m AGL and the minimum flight altitude was about 2 m AGL.
The average velocity after T 1 of emergence for the whole bat group is 5.9 m/s and the average flight altitude for the whole bat group is 6 m, which corresponds to the average height of the forest canopy (6.5 m). T 1 of the emergence was excluded from the calculation to emphasize the difference between individual bats (Figure 9 ).
Categorized bat flight patterns
The 24 flight trajectories can be grouped into four categories with different flight patterns based on the 3-D bat trajectory-forest registration shown in Figure 6 : (A) trajectories that curved to left of the flight direction (bats 4, 12, 22, 16); (B) high trajectories that curved to the right of the flight direction (bats 7, 8. 9, 15, 16, 17, 20, 23, 24, 25) ; (C) low trajectories that curved to the right of the flight direction (bats 2, 5, 6, 10, 14, 19, 21) ; and (D) mixed trajectories (bats 3, 11, and 18).
The flight altitude showed a systematic behavior between different categories (Figure 10) . Category A and category C trajectories dropped in altitude after T 1 following emergence. Category C trajectories increased in altitude during T 2 , and then started to drop in altitude. Category D trajectories were more unstable and displayed mixed behaviors. The velocity showed a less systematic behavior between different categories: the velocity of category A and category D trajectories became more variable after the T 1 , whereas the variation of category B and category C trajectories contained similar trends within the category. Bats in category B slowed down during T 2 and then speeded up during T 3 . The category C bats generally slowed down during T 2 and T 3 . Both the flight altitude and the velocity became unpredictable after T 3 .
The behavior of the bats during the first five seconds after their appearance can be generalized based on the above information as: T 1 , sped up and dropped height; T 2 , slowed and adjusted flight direction; T 3 , slowed further down or sped up while continuing to drop in height; and T 4 and T 5 , spread to forest.
Flight pattern to avoid obstacles
The registration of bat flight trajectories and 3-D forest reconstruction enabled us to examine the initial bat flight trajectories in fine detail. Videos available at ftp://crsos.bu. edu/geog-grad/xiaoyuan/bat_movies/ show the bat trajectories For personal use only.
associated with the forest reconstruction for each category.
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A short 3 m tree with coordinates [(37, 2] blocked the direct path of all trajectories during T 2 and T 3 . The bats presumably used echolocation to avoid hitting any obstacles by flying around it following different routes. Combining the information from previous sections, it would appear that the bats in category A and category D chose more variable routes; however, bats in category B flew along one side of the tree with higher trajectories and lower velocities, and bats in category C flew along the opposite side of the tree with lower trajectories and higher velocities.
Discussion
Improving the identification and reconstruction of the bat flight trajectories
In this study, we present a demonstration of the potential power of combining two novel technologies, thermal cameras and terrestrial LiDAR, to study bat flight behavior. Owing to the initial experimental design, the observation and analysis of bat flight behavior for this particular field acquisition was limited. Better experimental design should be adopted in the future to extend both the temporal and spatial scale of the thermal observations of bat flight trajectories. For example, despite installation and maintenance difficulties, a tower-mounted set of thermal cameras, which would enable repeat data collection at the same site over several time sequences, might be more suitable to record flight activity of bats within a particular forest. Supporting data sources such as an acoustic tracking device (Jung et al., 2012) and information from small GPS units that can be installed in individual bats, would also help increase the observation scales and accuracy. More advanced methodology such as improved computer vision algorithms also needs to be incorporated in the future to identify and reconstruct the flight trajectory of bats. The EcoTracker software used in the paper was recently updated, which enables it to automatically detect and track dispersing and foraging colonies with a large number of bats and over a coarser spatial scale.
Characterizing bat foraging behavior with respect to the forest structure By registering the flight trajectories of bats and the forest reconstruction to the same 3-D space, a fine-scale reconstruction of the flight patterns along forest edge was built. However, little ecological hypothesis and prediction can be drawn from this initial demonstration because of the limited data collection. LiDAR data played an important role in defining the 3-D forest space where bats forage. To analyze the relationship between bat activities and forest structure, a larger more expanded 3-D forest reconstruction model is needed. The 1 ha reconstruction area assembled from nine scans of terrestrial LiDAR EVI can be enlarged by combining multiple LiDAR sensors if a larger spatial scale analysis is needed. Recent studies linking airborne LiDAR with terrestrial LiDAR provide the possibility of characterizing Moreover, a simplified yet representative 3-D digital forest model that can accurately characterize the distribution and size of 3-D gaps is needed for the future. Researchers are beginning to build similar models in the field of architecture through surface reconstruction algorithms, e.g., Bolle and Vemuri (1991) ; however, these applications are limited in forest scenarios because of their more complex 3-D structures. Several commercial LiDAR scanners such as Riegl, FARO, and Leica have been successfully used to scan forest structures and natural landscapes with first returns (Bienert et al., 2006; Fleck et al., 2007; Omasa et al., 2008; Calders et al., 2011; Forbriger et al., 2012; Vaccari et al., 2013) . However, the application of these instruments is limited over larger spatial areas (e.g., 1 ha) or for providing complex foliage clumping and understory characteristics of a densely vegetated multistory canopy. The full waveform property of EVI, on the other hand, helps to identify and characterize multiple scattering events along the entire path of a laser pulse return; therefore, the EVI scans contain 3-D gap information that can be used to derive important structural parameters such as LAI, foliage profile, and clumping (Strahler et al., 2008; Jupp et al., 2009a; Zhao et al., 2011; . Three-dimensional gap information is essential for characterizing bat flight trajectories within the canopy that allows more detailed study over bat foraging behaviors. The comparison between field collected tree densities and EVI retrieved tree densities in a New England forest ) also showed a high R 2 value around 0.9. Thus, this technique of merging point clouds from multiple LiDAR scans to reconstruct both individual trees and entire stand segments provides more complete forest structural information. In addition, 3-D forest reconstruction provides a more efficient way to acquire many types of forest structural information with less effort and at a potentially lower cost than standard inventory and measurement methods (Yang et al., 2013) . Therefore, a closer examination of the structural information in 3-D forest reconstructions, such as horizontal and vertical gaps, can provide an improved representation of actual forest structure for further bat foraging behavior studies.
Conclusion
In this paper, we explored an integrated methodology to study how New England big brown bats (Eptesicus fuscus) responded to forest clutter by combining two 3-D datasets: the flight trajectories of bats recorded and reconstructed using two FLIR ThermoVision SC8000 cameras and forest reconstructions generated by full-waveform terrestrial LiDAR EVI. The combination of the two 3-D datasets provided a fine-scale reconstruction of the flight characteristics adjacent to and within the forests. In future research, with improved recording protocol with thermal cameras, additional and longer bat flight trajectories can be obtained and studied using this technology. Forest structure variables such as height, canopy openness, gap length, understory, and overstory foliage extracted from the digital forest model represent future possibilities to study the larger scale correlations between bat foraging behavior and forest structure in species specific projects.
